The electrode membrane solvent, o-nitrophenyloctyl ether (o-NPOE), and the anionic excluder, potassium tetrakis (4-chlorophenyl) borate (KTpClPB), were purchased from Tokyo Technology, Omiya, Asahi, Japan To examine the directivity for improving the silver ion discrimination ability of a Schiff base, three kinds of tridentate ligands were synthesized and compared with the similar quadridentate ligand as the silver ionophore. Among the Schiff base derivatives tested, 3-(2-pyridylethylimino)-2-butanoneoxime, having one oxime and a pyridine substituent, was found to be the best ionophore for a silver-ion electrode. The electrode based on this derivative exhibited good silver-ion selectivity, -log K pot Ag + ,K + = 3.8, comparable to that of a quadridentate Schiff base, N,N′-bis(2′-hydroxyimino-1′-phenylpropyleden)-1,3-propanediamine, reported previously, except for a pseudo Nernstian response (35.6 mV decade -1 ) with a wide silver-ion activity change in the activity change from 5.0 × 10 -7 to 7.9 × 10 -2 mol dm -3 .
Introduction
Potentiometric-type ion-selective electrodes (ISEs) have been developed for transition metals as well as alkali and alkaline earth metal for the purpose of clinical and industrial measurements. However, reports on the molecular design and synthesis of the ion-recognition compound for transition and heavy metal ions have been fewer than that of the ionophore for alkali and alkaline earth metal ions. [1] [2] [3] [4] [5] Since the structural entropy effect brings about an ion-discrimination ability for transition and heavy metal ions of which the directivity of the configuration is limited, it is difficult to obtain iondiscrimination compounds for these ions.
As compound-recognizing transition-metal ions, Schiff bases with four nitrogen donor atoms were synthesized, because a ligand with structural freedom seemed to be effective for recognizing those ions; that is, the distance between the nitrogen atoms was easily able to adjust it. 6, 7 We found that the synthesized Schiff bases could coordinate with a silver-ion though the two nitrogen atoms in a diagonal line, and show excellent silver ion selectivity, which is comparable to those of acyclic oligoether, polythiacrown eters and acyclic polythia compounds. [8] [9] [10] [11] [12] [13] However, for pursuing the practicability of a silver ionophore of N,N′-bis(2′-hydroxyimino-1′-phenylpropyleden)-1,3-propanediamine (PHO3), 6 which is most promising in Schiff bases, the following have remained: control of the hydrolysis of PHO3 in a poly(vinyl chloride) (PVC) membrane, and an improvement in the silver ion selectivity. It was proven that the introduction of a substituent with lipophilicity, such as a butyl group, to the side chain of PHO3 was effective to control the hydrolysis in a PVC membrane. 7 In the present work, for the purpose of improving the silver-ion selectivity of the PHO3 derivative, three kinds of tridentate Schiff bases with the same skeleton as that of PHO3 having three nitrogen donor atoms were synthesized, and the ion discrimination ability was evaluated by potentiometry and NMR measurements. The structures of the synthesized Schiff bases are shown in Fig. 1 . PVC membrane electrodes based on Schiff bases were prepared, and the fundamental characteristics, such as the calibration curve and the silver ion selectivity, were evaluated by potentiometry. The results show that the tridentate ligand, 3-(2-pyridylethylimino)-2-butanoneoxime (Me-PyO3), has the most promising performance as a silver ionophore, though the gradient of the calibration curve was low on the MePyO3 based electrode.
Experimental

Reagents and instrument
The reagents were obtained from the following sources: diacetylmonooxime and 2-(aminomethyl)pyridine were obtained from Tokyo Chemical Industries, Co., Ltd. (Tokyo, Japan); 2-(aminoethyl)pyridine was obtained from Wako Pure Chemical Industries, Co., Ltd.
(Tokyo, Japan); isonitorosopropiophenone was obtained from Aldrich (Milwaukee, WI, USA). Water was deionized after distilling, and its resistivity was greater than 1.0 × 10
7 Ω cm -1 at 25˚C for a purity greater than A2, according to the recommendations of Japan Industrial Standard (JIS) K 0557. Chemical Industries, Co., Ltd. PVC, high molecular weight type, serving as an electrode membrane material, was obtained from Wako Pure Chemical Industries, Co., Ltd.
To elucidate the complexing abilities of tridentate Schiff bases toward silver ion, 13 C-NMR titration experiments were carried out in a CDCl3-CD3OD (3:1) solution, and the results were compared with that of quadridentate Schiff bases-AgNO3 in an acetone-d6 solution. 15 1 H NMR and 13 C NMR spectra of synthesized Schiff bases were recorded with a UNITY 300 spectrometer (VARIAN, USA), using tetramethylsilane as an internal standard in chloroform-d, and infrared spectra were recorded with a FTIR-8600PC (Shimadzu, Co., Ltd., Japan). The melting points were measured by a LABORATORY DEVICES MEL-TEMPII capillary melting-point apparatus.
Ionophore synthesis Synthesis of 3-(2-pyridylmethylimino)-2-butanoneoxime (MePyO2) and Me-PyO3.
Me-PyO2 and Me-PyO3 were synthesized according to similar procedures previously reported. 16 2-Aminomethylpyridine or 2-aminoethylpyridine (12.5 mmol) was added to a solution of diacetylmonooxime (12.5 mmol) in ethanol (20 ml 
Synthesis of 1-phenyl-1-(2-pyridylethylimino)-2-propanoneoxime (PH-PyO3).
In a round-bottomed flask fitted with a mechanical stirrer and a reflux condenser with a tube of calcium chloride was placed 12.5 mmol of 2-(2-aminoethyl)pyridine, 12.5 mmol of isonitorosopropiophenone and 50 ml of n-hexane. This mixture was stirred for a few minutes and heated at a gentle reflux for 24 h. After the reaction mixture was cooled to room temperature, the solvent was distilled out, and the residual material was washed with methanol-water (1:1 
Electrode preparation and EMF measurements
Membrane solutions were prepared by thoroughly dissolving 4.0 mg (2.0 wt%) of the Schiff base as an ionophore, 58.0 mg (29.2 wt%) of powdered PVC, 136.0 mg (68.3 wt%) of membrane solvents o-NPOE, and 1.0 mg (0.50 wt%) of an anionic excluder, KTpClPB in 3 ml of THF.
The solvent was slowly evaporated until an oily concentrated mixture was obtained. The membrane thickness was less then ca. 0.3 mm. A 5-mm diameter circle was cut from the prepared membrane and placed on the tip of the ion-selective electrode body assembly (Liquid Electrode Membrane Kit, TOA-DKK Co., Ltd., Tokyo, Japan). The electrode motive force (EMF) was measured according to a reported procedure at 25 ± 0.5˚C (KOMATSU ELECTRONICS ELC CTE-310, Japan) using an electrode cell of the following type:
All of the tested solutions were made from nitrate salts. The selectivity coefficients, K pot i m+ ,j n+, where i m+ is the primary ion (Ag + ) and j n+ is the interfering ion, were calculated from the response potentials under the existence of an interfering ion, such as an alkali, alkali earth, or transition-metal ion using the fixed-interference method (FIM) recommended by IUPAC 17 and JIS.
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Results and Discussion
Fundamental properties of electrodes
The electrode responses of the PVC membrane electrodes, based on Schiff bases against silver ion, are shown in Table 1 . The electrodes based on the tridentate Schiff bases, Me-PyO2, Me-PyO3, and PH-PyO3, showed pseudo-Nernstian slopes of 48.2, 35.6, and 34.8 mV decade -1 , respectively, whereas the quadridentate Schiff base, PHO3 based electrodes showed a good Nernstian slope of 59.2 mV decade -1 . The membrane of Schiff bases Me-PyO3 and PHO3 showed good linearity in the activity range from 5.0 × 10 -7 to 7.6 × 10 -2 mol dm -3 , whereas the linearity for Me-PyO2 and PH-PyO3 continued until ca. 1 × 10 -4 mol dm -3 . The response time (95% of the final signal; T 95 ), which is one of the important factors for ISEs, was shorter then 10 s, when changing the concentration of silver ion from 1.0 × 10 -3 to 1.0 × 10 -2 mol dm -3 . It is known [19] [20] [21] slope of these derivatives based electrodes is considered to be due to the low solubility to a membrane solvent. It is therefore, expected that the lowering can be improved by introducing a lipophilic substituent into the derivatives.
Silver ion selectivity
The selectivity coefficients for silver ion against the interfering ion (K pot Ag + ,J n+) were determined by a FIM with a background concentration of 5.0 × 10 -2 mol dm -3 for thallium metal ion and 5.0 × 10 -1 mol dm -3 for potassium, sodium, zinc, copper, cadmium and lead ions, to examine the relationship between the silver-ion selectivity and the coordination site.
A comparison of the selectivity coefficients for the tridentate Schiff base-o-NPOE system electrodes are depicted in Fig. 2 . As summarized in Fig. 2 , among the tridentate Schiff bases, Me-PyO3 gave the highest silver ion selectivity with respect to soft metal, such as thallium, cadmium and lead metal ions. Further, the Me-PyO3 based electrode showed a silver-ion selectivity higher than that of the PHO3 based electrode with respect to potassium, thallium and cupper ions.
In this work, an evaluation by the matched-potential method (MPM) 22 was not carried out, in spite of IUPAC recommending an evaluation method, because the slopes of the calibration curve for the other ions, except for silver ion, were less than 5 -25 mV decade -1 .
Structure of the Schiff base Me-PyO2
To examine the relation between the ion-selectivity feature and the structure, an X-ray analysis of the tridentate Schiff bases was performed. Though a colorless crystal of Me-PyO2 of 0.3 × 0.3 × 0.3 mm was obtained and used for the X-ray analysis, good crystals of Me-PyO3 and PH-PyO3 were not obtained. The crystal and experimental data of Me-PyO2 are given in Table 2 . The structure was solved by a direct method and refined by the full-matrix least-squares method with anisotropic temperature factors for non-H atoms. All of the H atoms were found from different Fourier maps, and were refined with isotropic temperature factors. The atomic parameters for non-hydrogen atoms are listed in Table 3 . Selected bond distances and angles are listed in Table 4 . An ORTEP-III 24 drawing of the Me-PyO2 is shown in Fig. 3 .
A free Me-PyO2 is in linear form. That is, in the free MePyO2, the N1-N2, N1-N3 and N2-N3 lengths are 34.6 nm, 70.4 nm, and 36.1 nm, respectively, and three nitrogen atoms that can contribute to the coordination are placed linearly. The above results and CPK model 25 suggest that the structures of free Me-PyO3 and PH-PyO3 are similar to that of free MePyO2. Consequently, the difference in the ion selectivity among these derivative based electrodes may come from a physical property, such as the solubility or the dispersiveness to 1651 ANALYTICAL SCIENCES DECEMBER 2004, VOL. 20 Table 2 Crystal and experimental data for Me-PyO2 Table 4 Selected bond distances (Å) and angles (˚) for nonhydrogen atoms the membrane solvent.
Complexing abilities of silver ion
It is well known that the cation-binding behavior of the Schiff base can be obtained via 13 C-NMR spectroscopy. 15 In order to obtain information on the capture of a silver ion by a Schiff base, Me-PyO2, Me-PyO3, and PH-PyO3, 13 C-NMR titrations for the tridentate Schiff bases were carried out with AgClO4 in a CDCl3-CD3OD (3:1) solution, and were compared with that for the quadridentate Schiff base with AgNO3. However PHO3 does not dissolve excessively in organic solvents, i.e. CDCl3, CD3OD, or acetone-d6. Therefore, 13 C-NMR titration for PHO3 was finished to a 1.5 mol ratio. The chemical-shift values of carbons, depicted by C a , C b and C c , neighboring the nitrogen atom in the Schiff base molecule, were plotted versus the molar ratio (silver ion/Schiff base), as shown in Fig. 4 . In addition, the result obtained from the titration for PHO3 is also shown in Fig. 4 . For Me-PyO2 and Me-PyO3, the chemical shift of C a and C c varied to up field with the addition. On the other hand, the shift of PH-PyO3 varied to down field with the addition. For Me-PyO2 and Me-PyO3, a chemical sift of C b was not observed. These titration experiments revealed that the tridentate Schiff bases mainly interact with a silver ion in two nitrogen atoms, i.e. N1 of the oxime moiety and N3 of the pyridine moiety. On the other hand, N2 seems not to form a complex with a silver ion. In addition, the complexing abilities of the tridentate ligands may be lower than that of the PHO3. It is well known that an ion-selective electrode based on an ionophore with a strong complexing ability is not always excellent for a transition-metal, because transition-metal ions have similar ionic diameters. That is, the ionophore for an ionselective electrode is generally considered such that a complexing ability with a moderate stability constant is necessary. 8 It is difficult to evaluate the performance of the ionophore only by the complexing ability, since the performance of the ionophore is affected complementarily by the characteristics of the membrane solvent and the coexisting salt. Though a further investigation for these ligands should be carried out, the weak complexing ability of Me-PyO3 seemed to cause promising silver-ion selectivity.
Conclusions
In this study, for improving the discrimination ability of a Schiff base toward silver ion, three kinds of tridentate ligands were synthesized, and the fundamental properties of a PVC membrane electrode based on these ligands were evaluated by potentiometry. The Me-PyO3 based PVC membrane electrode ) and high silver-ion selectivity. However, this electrode showed a poor response of 36.5 mV decade -1 for silver ion, and 5 -25 mV decade -1 for other metal ions. Because the low solubility of the ionophore to a PVC membrane seems to be due to the poor potential response, a long-chain alkyl group etc. will be introduced in the vicinity of the monooxime moiety to improve the lipophilicity of the tridentate Schiff base.
